INTRODUCTION
This report is an account of work performed from June 20 to September 25, 1978 , funded by Lawrence Berkeley Laboratory Director's Develop ment funds.
This work is part of an investi gation to determine whether a statistical relationship exists between varying radon con centration in well waters and the occurrence of nearby earthquakes.
If such a dependence is verified, then certain patterns of changing radon activity may be useful for predicting earthquakes.
Radon concentration in two water wells near Oroville, California, the Frosise and the Gilley wells, were compared with periodic aftershocks of the August 1, 1975, Oroville earthquake for a period of about 600 days. The data are consistent with data being generated from a distribution of: (a) all noise, or; (b) long-term seismic iluctuacions correlated with changes in the Prosise well, or short-term seismic fluctuations with changes in the Gilley well, or both.
In both cases, the dependence must be expressed with different equations in different directions from :he wells.
Also the data are inconsistent with data being generated from a distribution where the dependence between seismic activity and radon activity is very strong in all directions.
DATA COLLECTION
The collection of radon data started a few days after the August 1, 1975, Oroville (California) earthquake of magnitude 6 on the Richter scale, and so coincides with the series of aftershocks.
Sampling consisted of filling a pair of 500-ml-capacity polyethylene bottles at the wellhead, sealing them immediately against gas loss, transporting them to LBL within a few days of collection time., and making direct measurement of the radon content of the water by low-level ganma-ray spectrometry at the LBL Low Background Counting Facility.
One sample per day was collected from each of six wells in the region of aftershock occur rence, including wells drilled into poor Jy consolidated sediments and into bedrock forma tions.
The location of these wells is given in Figure I .
Subsequent experience showed that only bedrock wells showed a significant radon variation.
Sampling at other wells was then curtailed, and our efforts were concentrated on acquiring detailed data froa three bedrock wells.
The shallowest of these (the Norman well, 65-tt deep) Is believed io have suffered occasional invasion of Irrigation water applied to nearby pasture land.
Data fror this well are therefore of questionable value. Data from the two remaining bedrock wells (the Gilley and Promise wells, each about 200-ft deep and dedicated to domestic use only) cover the tine from August 12, 1975 , to April 6, 1977 -a stretch of 604 days.
For each of these wells, there are fewer than '0 days of missing observations.
Values were simulated for the missing days by linear or cubic interpolation fror> neighboring values.
Typical data obtained fror. the Gilley and Prosise wells are illustrated i" "ture 2.
.he seismic data include earthquake time (to the second), epicenter coordinates, depth, and Richter magnitude.
This information was obtained from lists compiled by the California State Department of Water Resources (SWR), Sacramento, California, and the United States Geological Survey National Center for Earthquake Research (USGS), Menla Park, California.
STATISTICAL ANALYSIS
The objective is to measure the extent to which variations in the earthquake process (time, magnitude, distance from wells) are cor related with changes in radon activity. The technique used is described in detail by Brillinger (1975) . A more elementary introduc tion to this topic is given by Kendall (1°73).
NOTATION AND MODEL
Time is discretized in days. That is, both radon sampling times and earthquake event times are truncated to the nearest day. The days are numbered: t = 1, 2, 3, . . . , N = 600. Th-: number of days studied, 600, was chosen becaj." computations involved in the analysis are much less time-consuming when N can be factored in many small primes (600 = 2 3 .3.5 2 ).
Earthquake c*-ta are thought of as the dependent variable where: Yi(t) -1 if an earthquake occurs on day t, and where Y|(t) = 0, if not.
It would have been very desirable to deal simultaneously with the epicenter-well distance, thus: Y2(t) = 1/distance, if the earthquake occurs on day t, *8L 775-956 and Y2(t) * 0, if not. However, a problem arises here because Y2 • 0 usually means that there was no earthquake. In the assumed model, Y2 * 0 is contused with having a very distant earthquake; therefore, Y2 is not used.
The appropriate model for simultaneous analysis of occurrence, location, and magnitude ia a marV.ed-T>oiTA ptoceaft i.n sftiidn tVift attri bution of the location and magnitude is defined only when an earthquake occurs. Thes j are assumed to be stationary tune series. Therefore, we can conclude the following.
The expected values of Y(t) and X(t) remain constant in time, so that fluctuation^ are observed to occur about a fixed mearw level. This is, strictly speaking, false.
Both the seismic activity and the radon measurements in the two wells show trends. Linear components of all trends have been removed as a first step to treat the data.
Although the rate of seismic events decreases, as during the time interval studied, radon activity in the Prosise well shows a positive trend and for the Gilley well it is negative. The change in average radon level is considerable.
The Prosise radon level is 40% higher toward the end of the 600-day period compared with the beginning; for the Gilley well the decrease is also 4021 over the same time period.
The removal of such a trend is a concession that only changes can be ana lyzed, for which several cycles are observed in the 600 days available.
Any dependence within and between processes relates only to the length of time between the two points considered, rather than to their absolute location on the time scale.
Thus, February and April of 1976 are assumed to ** 3ji strrngly related as September and November of 1977 (two months apart in both cases). The aodel coaeonly used to relate Y and X is linear:
meaning that the probability of an earthquake on day t, given a particular pattern of X around t,
a(u) X(t -u)
Here, U is the long-tern probability of an earthquake, and a(u) is a function of the time lag u. For each u = 0, il, ±2, .... a(u) is a vector with two elements of unknown constants and tit)
is the error series. Which also is stationary.
If the variations in Y are well accounted for by equation (1) for soae values of u and a_(u), then the variation in z(t) will be considerably less than in Y(t).
Note that when u is allowed to assume values soaller than zero, the future of X (beyond t) is involved, so a good fit for equation (1) does not necessarily imply that a prediction based on past X only will be successful.
Equation (1) is reminiscent of multiple linear regression, but here observations are correlated even when they are made at different tunes.
This complicates the analysis quite a bit; statisticians prefer to work with Fourier transforms of the series and their covariance functions because it is much easier to derive criteria to check if any patterns in the data are statistically significant, that is, if they are unlikely to have arisen only from random noise.
In the covariance functions given above, dependence is described for observations u days apart.
The Fourier transforms of these func tions tell the same message, but the argument is a frequency I, rather than the time lag u. In Fourier analysis, the time series is decomposed in a linear combination of many trigonometric functions (sines and cosines) of varying ampli tudes.
The different components have frequen cies varying between 0 and TT, where the highest frequency corresponds to u = 1, or cycles of 1 day.
Here u and A correspond to the same wave and are inversely proportional.
DISCUSSI0W OF RESULTS
Spectra for radon data alone reveal two things.
First, the long-term variations (periods greater than 15 days) have much larger amplitude than components with periods of a few days.
This phenomenon appears despite the fact that J linear trend has been removed.
Second, the correlation between the two wells is negli gible. This suggests that any effect that in creased stress has on radon activity is very local. The wells are 3.7 lot apart.
It is more difficult to find a consistent pattern in the earthquake spectra. Whereas each attempt to fit the data involves the complete set of well observations, the set of selected earthquakes changes. This is done by including all earthquakes within some distance of the well considered.
Of course, the criteria for * significance are calculated for one particular run. Where •any statistical teats are tried, the signifi cance statements lose their power for drawing conclusions. Rather, attention is drawn here to the subsets of earthquakes with the highest correlation, without stating that it will hold up in the long run.
Likewise for the Gilley well, the earthquakes within circlea show faint dependence with the radon data. The sane is true for seadcircles. Also, only earthquakes with a magnitude greater than 1.5 are included. For some selec tions, there is a tendency for the events to occur in cycles; in other cases the estimated dependence is weak, more like a Poisson process. This is a matter to which little attention has been given during this search for a relation between earthquakes and radon data. It is worth furCher investigation. anplitude are noise that Must be filtered away by the coefficients a_(u). This is actually achieved with high and low a_(u) following each other.
An object for further investigation is to study the quickly varying radon signal that renains after filtering, which actually serves as a precursor.
The combined predictive ability for the two wells was also tried by selecting earthquakes within ellipses that had rhe wells as foci* as illustrated in Figure 6(a) .
As expected from the weak dependence of the two radon series, it turned out that for these subsets, the Prosise we 11Jhad negligible depen dence with the earthquake'?, while the largest coherence observed so far; occurred between the side of equation (1) Obviously, a day with a large positive _a(u) calls for a positive radon count to contribute to a large probability. If a(u.) has a large negative value, the radon count should be un usually small. Therefore, a strongly oscillat ing radon pattern would serve as a precursor. Further, an oscillating pattern out of phase with the former type would be an "antiprecursor" and make the chance small. However, this idea is a dead end because the radon record simply does not have any such rapid oscillations. As mentioned earlier, the variation in radon activity is dominated by slow oscillations.
A more believable interpretation of the rapid fluctuations of a/u) is that the predic tive effect of radon changes is very short term, about 1 to 2 days.
From the point of view of earthquake prediction, the long-term variations with large -9km-
-H XBL794-1242 Figure 6 . Configurations to test the combined predictive ability for Prosise and Gilley wells (shaded areas indicate regions in which earthquakes occurred).
Gilley well and the earthquakes. Ellipses of different sizes were tried and the fit improves further if an inner ellipse is excluded, as shown in Figure 6 (b).
Further work should be done to identify a more reasonable looking zone where the Gilley well is sensitive.
The substantial coherence appeared at a frequency corresponding to a period of 2-1/2 days.
RECOMMENDATIONS
To put the above inconclusive findings to a test, we recommend the following.
More data are needed, particularly from the Gilley well, which appears most promising.
In the present data, the radon samples are not exactly 24 hours apart; they were taken at different times in the afternoon.
To check the one-to four-day fluctuations, it would be use ful to have radon activity recorded at exact 12-hr intervals.
With the statistical nethods used here (continuous time series) there is no satis factory way to take epicenter-to-well distance and magnitude into account simultaneously, as pointed out earlier with regard to the variable Y2.
A statistical method relating ? markedpoint process to a continuous time series should be developed.
It is useful to test the radon data against a model in which two types of earthquake precursors are postulated: The statistical method employed here should be well suited for identifying precursors of the second kind-those that occur at a (relatively) fixed time before an earthquake. However, in its present form, the method is not well suited for identifying precursors of the first kindthose that may occur over a few days to a few 10s of days for the aftershock magnitudes en countered during the Oroville study.
Hence, adapting the present method or adopting some other approach, i* important in order to include time/magnitude/distance parameters for individ ual earthquakes in the analysis procedure.
